
A model expanding on previous5 and classic32,33 work was used to investigate 585 

agrochemical effects—of atrazine, chlorpyrifos, and fertilizer—on human schistosomiasis 586 

transmission intensity. The model includes snail population dynamics of Bulinus truncatus, the 587 

intermediate host of Schistosoma haemotobium, subject to logistic population growth and the 588 

influence of predation. We focus on S. haematobium for our modelling because it is the 589 

predominant schistosome species found in the village in Senegal where the epidemiological data 590 

used to parameterize our model were collected. The population dynamics of generalist predators 591 

(P) are included, subject to an agrochemical-sensitive mortality rate, 𝜇𝑃,𝑞, that reflects 592 

chlorpyrifos toxicity to the predator population as estimated by the mesocosm experiments and 593 

previous work37. Because crayfish and prawns are generalist predators and will switch to other 594 

resources when snail densities are low, the model assumes that predator population dynamics are 595 

independent of snail density. Also included is a parameter representing agrochemical 596 

enhancement of the snail carrying capacity, 𝜑𝑁,𝑞, which models the snail population response to 597 

bottom-up effects caused by algal stimulation by atrazine and fertilizer as estimated in the 598 

mesocosm experiments and other experiments examining the same agrochemicals and outcomes. 599 

Additional model state variables represent susceptible, exposed and infected snails (S, E, and I, 600 

respectively) and the mean worm burden in the human population (W). The number of mated 601 

female worms, M, is estimated assuming a 1:1 sex ratio and mating function, 𝛾(𝑊, 𝑘), as in 57. 602 

The per capita snail predation rate by predators, modelled as a Holling type III functional 603 

response as in 58, ψ, and the total snail population, N, are shown separately for clarity. Parameter 604 

values, definitions and reference literature are listed in Extended Data Table 9. 605 

𝒅𝑺
𝒅𝒕⁄ = 𝒇𝑵 (𝟏 −

𝑵

𝝋𝑵 ∗ 𝝋𝑵,𝒒
) (𝑺 + 𝑬) − 𝝁𝑵𝑺 − 𝑷𝝍𝑺𝒏 − 𝜷𝑴𝑺 

(1) 
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𝒅𝑬
𝒅𝒕⁄ = 𝜷𝑴𝑺 − 𝝁𝑵𝑬 − 𝑷𝝍𝑬𝒏 − 𝝈𝑬 (2) 

𝒅𝑰
𝒅𝒕⁄ = 𝝈𝑬 − (𝝁𝑵 + 𝝁𝑰)𝑰 − 𝑷𝝍𝑰𝒏 (3) 

𝒅𝑾
𝒅𝒕⁄ = 𝝀𝑰 − (𝝁𝑯 + 𝝁𝑾)𝑾 (4) 

𝒅𝑷
𝒅𝒕⁄ = 𝒇𝑷 (𝟏 −

𝑷

𝝋𝑷
) (𝑷) − (𝝁𝑷 + 𝝁𝑷,𝒒)𝑷 

(5) 

𝑴 = 𝟎. 𝟓𝑾𝑯𝜸(𝑾, 𝒌) (6) 

𝝍 =
𝜶

𝟏 + 𝜶𝑻𝒉𝑵𝒏
 (7) 

𝑵 = 𝑺 + 𝑬 + 𝑰 (8) 

 606 

 607 

Derivation of R0 608 

Using the next generation matrix method59, we calculate R0 for this system as: 609 

𝑅0 = √
  𝑇1 𝑇2  

𝑇3

 610 

Where: 611 

𝑇1 = 0.5𝛽𝐻𝑁∗ 612 

𝑇2 = 𝜆𝜎 613 

𝑇3 = (𝜇𝑊 + 𝜇𝐻) (𝜇𝑁 +
𝑃∗𝜓∗

3
+ 𝜎) (𝜇𝑁 +

𝑃∗𝜓∗

3
+ 𝜇𝐼) 614 

𝜓∗ =
𝛼𝑁∗𝑛−1

(1 + 𝛼𝑇ℎ𝑁∗𝑛)
 615 

and N* and P* represent disease-free equilibrium values of the snail and predator 616 

populations, respectively, derived by setting equations (1) and (5) equal to 0 such that: 617 

𝑃∗ = (1 − 𝑓𝑃
−1(𝜇𝑃 + 𝜇𝑃𝑞)) 𝜑𝑃 618 

and N* is estimated by solving for N* in the polynomial: 619 

0 = 𝑓𝑁 (1 − (𝜑𝑁𝜑𝑁𝑞)
−1

𝑁∗) − 𝜇𝑁 − 𝑃∗𝜓∗ 620 
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 621 

Model fit to epidemiological data 622 

The model expressed as equations (1) through (8) was fit to previously published worm 623 

burden data from a baseline and follow-up survey of Schistosoma haemotobium infection in a 624 

rural community upstream of the Diama Dam in Senegal5. The human-to-snail transmission 625 

parameter, 𝛽, and two values of the snail-to-human transmission parameter, 𝜆𝑙𝑜 and 𝜆ℎ𝑖, were fit 626 

to the seasonal reinfection data using maximum likelihood estimation in R with the optim 627 

function42, with all other parameters held to values shown in Extended Data Table 9, and 628 

agrochemical and predation effects turned off (i.e. 𝜑𝑁,𝑞 = 1 and 𝑃 = 0). Estimates of 629 

uncertainty associated with model fitting were generated by exploring the three-dimensional 630 

parameter space around the best-fit values of 𝛽, 𝜆𝑙𝑜, and 𝜆ℎ𝑖 (shown in Extended Data Table 9) 631 

by varying each plus or minus 90% of its best-fit value. Assuming the negative log likelihood 632 

profile follows a chi-square distribution with three degrees of freedom, all parameter triplets that 633 

have negative log likelihood within 7.815 (95% CI, two-sided chi-square critical value) of the 634 

negative log likelihood produced by the best-fit values are within the 95% confidence interval. 635 

These parameter triplets were used in Monte Carlo simulations described further below to 636 

generate estimates of R0. When estimating steady-state transmission indices such as R0 a time-637 

weighted average of 𝜆𝑙𝑜 and 𝜆ℎ𝑖 was used. 638 

 639 

Estimating agrochemical response parameters 640 

Top-down effects 641 

Point estimates of the baseline daily predator mortality rate, 𝜇𝑃, and the chlorpyrifos-642 

enhanced predator mortality rate, 𝜇𝑃,𝑞, were derived directly from 24 h mortality endpoints in the 643 
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mesocosm experiment by treating all Procambarus alleni in chlorpyrifos tanks (75 total) as a 644 

treatment cohort and all Procambarus alleni in chlorpyrifos-free tanks (105 total) as a control 645 

group (Extended Data Table 9). A parametric distribution of the predator mortality rate was 646 

obtained by fitting beta distributions to 5000 bootstrapped samples of daily predator mortality in 647 

each of the 25 mesocosm tanks with and 35 mesocosm tanks without chlorpyrifos added 648 

(Extended Data Table 10).  649 

To investigate the influence of a broader range of chlorpyrifos concentrations on 650 

estimates of R0, a probit model of predator mortality was derived spanning the range of 651 

chlorpyrifos concentrations (0 – 64 µg/L) tested in 37, conservatively assuming 99% mortality in 652 

the highest tested concentration groups instead of 100% to account for potential resistance in a 653 

small number of predators. Daily, per capita predator mortality rates were derived across the 654 

range of tested concentrations and used in the R0 expression to generate Fig 3B-D. 655 

Because crayfish are generalists, we modeled their predation of snails using a Holling 656 

type III functional response (eqn 7) in which the per capita predation rate is sigmoidal due to 657 

prey switching at low snail densities and restriction by the handling time (𝑇ℎ) at high snail 658 

densities58,60,61. Though not directly interpretable, the exponent, n, of the type III functional 659 

response is often assumed to be 2 for invertebrate predators60,62. However we also tested a range 660 

of values from 1-4 for the exponent, n, and found little qualitative difference in results when 𝑛 >661 

1. When 𝑛 = 1, the functional response reduces to a Holling type II in which the predation rate 662 

increases rapidly at low prey density and asymptotes at high prey densities where predation is 663 

restricted by the handling time. In our model, this leads to predation-induced extirpation of the 664 

snail population and 𝑅0 = 0, a result we would not expect in real-world transmission settings in 665 
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which we expect prey switching by the predator population as well as refuge-seeking by snails to 666 

diminish predatory activity at decreasing snail densities.  667 

Bottom-up effects 668 

Bottom-up effects in the mesocosm were introduced through model parameter 𝜑𝑁,𝑞, a 669 

scalar that represents a proportional change in the baseline snail density-dependence parameter, 670 

𝜑𝑁. To quantify the effect of atrazine and fertilizer, alone and in combination, on this parameter 671 

while controlling for the strong influence of predators on snail population dynamics, we 672 

calculated the mean proportional increase in final Bu. truncatus density in the mesocosm tanks 673 

when fertilizer and atrazine were added in combination with chlorpyrifos (Extended Data Table 674 

10). We found no previous studies in which chlorpyrifos had a significant direct effect on snail 675 

population dynamics nor on algal dynamics at the concentrations tested in the mesocosm. The 676 

distribution of the density dependence scalar, 𝜑𝑁,𝑞, was obtained by fitting normal distributions 677 

to 5000 bootstrapped samples of the parameter estimate derived from individual tanks within 678 

each treatment group (Extended Data Table 10). To further investigate the influence of atrazine 679 

at concentrations below the maximum expected environmental concentration—as was tested in 680 

the mesocosm—we derived another atrazine-dependent scalar of the carrying capacity based on 681 

the results of 63. Briefly: the scalar was calculated according to the proportional increase in the 682 

peak growth rate at the tested atrazine concentrations over the observed peak growth rate of the 683 

control group, as discussed in 38. 684 

 685 

Monte Carlo simulation 686 

To produce estimates of R0 that incorporate uncertainty associated with both model fitting 687 

and agrochemical parameterization, we ran 1,000 Monte Carlo simulations for each 688 
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agrochemical treatment and the control group; drawing randomly from the agrochemical 689 

parameter probability distributions described above and from the range of best-fit transmission 690 

parameters (Extended Data Table 10). The probability of sampling particular transmission 691 

parameter triplets was weighted by a normalized index of their likelihood so that triplets that 692 

better fit the model were more likely to be included in the simulation. 693 

  694 
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 886 
Extended Data Figure 1. Equilibrium predator (A) and snail (B) densities at chlorpyrifos 887 

concentrations <25 µg/L. Interactions between these populations determine R0 at concentrations 888 

<23.0 µg/L whereas predator elimination—and endemic transmission equivalent to that in a 889 

predator-free setting—is expected to occur at concentrations >23.0 µg/L. At chlorpyrifos 890 

concentrations >21.6 µg/L, predator mortality is high enough to allow sufficient snail 891 

reproduction to occur, causing R0 >1. 892 
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 893 
Extended Data Figure 2. Final densities of Biomphalaria glabrata (circles; A,B) and Bulinus 894 

truncatus (squares; C,D) in response to the biomass of Hydrilla verticillata and predator absence 895 

(open symbols; A,C) or presence (solid symbols; B,D) at the end of a separate mesocosm 896 

experiment that included submerged macrophytes as a refugia and food source for snails and an 897 

alternative food source for omnivorous crayfish Procambarus alleni. For both species of snails, 898 

density increased with increasing biomass of Hydrilla when crayfish were absent from 899 

mesocosms, but not in the presence of predators. Thus, the density of this macrophyte species did 900 

not significantly affect the interaction strength between this crayfish predator and either Bi. 901 

glabrata or Bu. truncatus. Numbers next to 0,0 points indicate the number of replicates with 902 

those values.  903 
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Extended Data Table 1. Results of the structural equation model conducted in the package 904 

lavaan in R revealing the relationships among agrochemical mixtures, predator density, algal 905 

productivity, and snail density. Densities of all three snail species, including measures of 906 

reproductive effort (eggs and hatchlings) contributed significantly to the latent variable “snail 907 

density” and generally covaried positively, emphasizing the similarity of treatment effects across 908 

all snail species. 909 

 910 

Latent variables Estimate Std.err 
Standardized 

estimate 
Z-value P (>|z|) 

Predator mortality      

     P. alleni (24h) 1.000  0.874   

     P. alleni (end) 0.580 0.098 0.641 5.934 <0.001 

     B. flumineum (24h) 0.532 0.066 0.779 8.018 <0.001 

     B. flumineum (end) 0.004 0.016 0.032 0.247 0.805 

Phytoplankton      

     F0 (week 1) 1.000  0.361   

     F0 (week 2) 1.583 0.609 0.791 2.601 0.009 

     F0 (week 4) 1.836 0.859 0.436 2.137 0.033 

     F0 (week 8) 1.634 0.954 0.296 1.713 0.087 

     QY (week 1) 2.140 0.977 0.243 2.191 0.028 

     QY (week 2) 6.357 2.443 0.793 2.602 0.009 

     QY (week 4) 3.942 1.832 0.443 2.152 0.031 

     QY (week 8) 4.602 2.266 0.394 2.031 0.042 

Periphyton F0      

     F0 (week 1) 1.000  0.560   

     F0 (week 2) 0.966 0.296 0.536 3.262 0.001 

     F0 (week 4) 0.900 0.345 0.403 2.612 0.009 

Periphyton QY      

     QY (week 1) 1.000  0.300   

     QY (week 2) 3.555 2.064 0.431 1.722 0.085 

     QY (week 4) 2.235 1.233 0.506 1.813 0.070 

Snail density      

     Bi. glabrata eggs 1.000  0.722   

     Bi. glabrata hatch. 6.243 1.373 0.583 4.548 <0.001 

     Bi. glabrata adults 1.756 0.287 0.776 6.120 <0.001 

     Bu. truncatus eggs 0.478 0.131 0.391 3.476 0.001 

     Bu. truncatus hatch. 1.536 0.199 0.963 7.703 <0.001 

     Bu. truncatus adults 2.732 0.353 0.966 7.732 <0.001 

     H. cubensis eggs 0.574 0.118 0.487 4.884 <0.001 

     H. cubensis hatch. 1.431 0.215 0.842 6.671 <0.001 

     H. cubensis adults 2.808 0.384 0.918 7.309 <0.001 

Composite variables Estimate Std.err 
Standardized 

estimate 
Z-value P (>|z|) 

Algal production      

     Phytoplankton 1.000  1.149   
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     Periphyton F0 -0.044 0.138 -0.111 -0.321 0.749 

     Periphyton QY 1.705 0.635 0.999 2.685 0.007 

Covariances Estimate Std.err 
Standardized 

estimate 
Z-value P (>|z|) 

Predator mortality      

     B. flumineum (24h) ~    

B. flumineum (end) 
0.005 0.002 0.335 2.507 0.012 

Phytoplankton      

     F0(wk 1) ~ QY(wk 1) 0.328 0.085 0.589 3.841 <0.001 

     F0(wk 4) ~ QY(wk 4) 0.544 0.128 0.712 4.263 <0.001 

     F0(wk 8) ~ QY(wk 8) 0.819 0.219 0.573 3.733 <0.001 

Snail density      

     Bu. truncatus eggs ~ 

H. cubensis eggs 
0.006 0.001 0.637 4.145 0.000 

     Bi. glabrata eggs ~ 

Bu. truncatus eggs 
0.004 0.001 0.478 3.309 0.001 

     Bi. glabrata eggs ~ 

H. cubensis eggs 
0.003 0.001 0.343 2.490 0.013 

     Bu. truncatus hatch ~ 

H. cubensis end 
-0.002 0.001 -0.558 -3.348 0.001 

     Bi. glabrata hatch ~ 

H. cubensis hatch 
0.025 0.009 0.408 2.867 0.004 

Periphyton F0 ~ 

Periphyton QY 
-0.001 0.000 -0.396 -2.853 0.004 

Regressions Estimate Std.err 
Standardized 

estimate 
Z-value P(>|z|) 

Predator mortality~     

  Chlorpyrifos 1.050 0.008 0.998 133.140 <0.001 

Phytoplankton~        

  Atrazine -0.059 0.022 -0.201 -2.735 0.006 

  Fertilizer 0.234 0.022 0.793 10.806 <0.001 

Phytoplankton F0~          

  Atrazine -0.274 0.027 -0.424 -10.303 <0.001 

  Fertilizer 0.330 0.025 0.510 13.104 <0.001 

  At*Fe 0.571 0.037 0.692 15.597 <0.001 

Periphyton QY~          

  Atrazine 0.123 0.006 0.816 19.751 <0.001 

  Fertilizer -0.069 0.006 -0.458 -11.082 <0.001 

Snail density~   

  Predator mortality 0.164 0.021 0.977 7.838 <0.001 

  Algal production 0.081 0.029 0.118 2.780 <0.001 

 911 

  912 
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Extended Data Table 2. Results of a zero-inflated Poisson model on density of infected 913 

Biomphalaria glabrata at the end of the experiment. The zero-inflated portion of the model 914 

included only the intercept and crayfish survival as no other predictor variables were significant 915 

and model selection indicated the simpler model was a better fit (AICc >2). Analysis was 916 

performed only for infected Bi. glabrata as too few infected Bu. truncatus were present at the 917 

end of the experiment. At = atrazine; Ch = chlorpyrifos; Fe = fertilizer. 918 

Count model coefficients (Poisson with log link) 

Term Coefficient Std. Error z-value P 

intercept -0.23 1.14 -0.20 0.842 

Bi. glabrata density 0.007 0.002 4.50 <0.001 

P. alleni survival 3.03 3.84 0.79 0.429 

Block2 2.17 1.12 1.93 0.054 

Block3 -3.58 7.61 -0.47 0.638 

Block4 2.47 1.12 2.20 0.028 

Block5 0.36 1.43 0.25 0.802 

At -2.38 1.70 -1.40 0.162 

Ch -1.74 1.51 -1.16 0.247 

Fe -17.09 145.05 -0.12 0.906 

At:Ch 2.43 1.79 1.36 0.175 

At:Fe 16.89 144.90 0.12 0.907 

Ch:Fe 16.16 145.05 0.11 0.911 

At:Ch:Fe -16.38 144.90 -0.11 0.910 

     

Zero-inflation model coefficients (binomial with logit link) 

Term Coefficient Std. Error z-value P 

Intercept -1.66 0.83 -2.00 0.046 

P. alleni survival 1.78 0.58 3.09 0.002 

  919 
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Extended Data Table 3. Results of generalized linear mixed model on infection prevalence 920 

of Schistosoma mansoni in Biomphalaria glabrata. Number of infected Bi. glabrata versus 921 

number of uninfected Bi. glabrata in each replicate was modeled using a beta binomial 922 

distribution and fixed effects of all predictor variables. At = atrazine; Ch = chlorpyrifos; Fe = 923 

fertilizer. 924 

Term Coefficient Std. Error z-value P 

intercept -3.85 1.27 -3.03 0.002 

At 0.36 1.29 0.28 0.780 

Ch -0.32 1.14 -0.28 0.777 

Fe -12.48 1712.60 -0.01 0.994 

At:Ch -0.28 1.47 -0.19 0.847 

At:Fe 12.75 1712.60 0.01 0.994 

Ch:Fe 11.48 1712.60 0.01 0.995 

At:Ch:Fe -11.94 1712.60 -0.01 0.994 

Block 2 0.69 0.86 0.80 0.424 

Block 3 0.49 1.03 0.47 0.635 

Block 4 0.19 0.91 0.21 0.831 

Block 5 0.20 0.90 0.23 0.822 

925 
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Extended Data Table 4. Results of generalized linear mixed model on S. mansoni cercaria 

shedding rates from infected Bi. glabrata. The number of cercariae shed per hour was modeled 

using a negative binomial distribution. At = atrazine; Ch = chlorpyrifos; Fe = fertilizer. 

Main effects of agrochemicals 

Term Coefficient Std. Error z-value P 

Intercept -0.498 1.549 -0.32 0.750 

Days post-exposure 0.138 0.035 4.01 <0.001 

At -0.175 0.275 -0.64 0.520 

Ch -0.014 0.315 -0.04 0.970 

Fe -0.106 0.274 -0.39 0.700 

     

Interaction between atrazine and fertilizer 

Term Coefficient Std. Error z-value P 

Intercept -1.262 1.959 -0.64 0.519 

Days post-exposure 0.161 0.047 3.45 <0.001 

At -0.341 0.370 -0.92 0.356 

Fe -0.321 0.394 -0.81 0.415 

At:Fe 0.409 0.564 0.73 0.468 
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Extended Data Table 5. Mean percent of Schistosoma mansoni cercariae that were dead 

(standard error of the mean in parentheses) after 2, 4, 8, 12, or 24 h of exposure to solvent 

control or the estimated environmental concentration of atrazine, chlorpyrifos, or fertilizer 
(see Methods for actual concentrations; n = 6). Significant treatment effects are in bold. There 

were no significant effects of treatment on cercarial survival when including time since 

agrochemical exposure as a predictor variable. When analyzing data from each time point 

independently, there were no significant effects of treatment at or before 12 h. Given that S. 

mansoni are only infective for approximately 12 h49, survival differences after this time period 

are less ecologically relevant than before it. 

Treatment 2 h 4 h 8 h 12 h 24 h Mean 

Atrazine 2.78 (2.78) 8.33 (8.33) 4.83 (3.88) 3.27 (2.58) 74.07 (10.21) 19.13 (5.96) 

Chlorpyrifos 5.56 (5.56) 1.39 (1.39) 4.78 (3.36) 1.52 (1.52) 86.30 (5.34) 19.91 (6.38) 

Fertilizer 0.00 (0.00) 1.19 (1.19) 6.22 (4.06) 9.52 (7.06) 85.57 (7.83) 20.99 (6.62) 

Solvent 2.38 (2.38) 1.85 (1.85) 1.39 (1.39) 12.00 (4.66) 55.56 (15.91) 14.63 (4.98) 
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Extended Data Table 6. Results of generalized linear mixed model on S. mansoni and S. 

haematobium egg viability. The number of hatched eggs was modeled using a beta binomial 

distribution. At = atrazine; Ch = chlorpyrifos; Fe = fertilizer. 

Schistosoma mansoni 

Term Coefficient Std. Error z-value P 

Intercept -2.301 0.230 -10.02 <0.001 

At -0.109 0.272 -0.40 0.689 

Ch -0.294 0.289 -1.02 0.310 

Fe 0.009 0.262 0.03 0.973 

At:Ch 0.506 0.418 1.21 0.226 

At:Fe 0.358 0.404 0.88 0.376 

Ch:Fe 0.037 0.453 0.08 0.936 

At:Ch:Fe -1.333 0.701 -1.90 0.057 

     

Schistosoma haematobium 

Term Coefficient Std. Error z-value P 

Intercept -3.798 0.884 -4.92 <0.001 

At 0.066 0.431 0.15 0.880 

Ch -0.175 0.455 -0.38 0.700 

Fe -0.200 0.467 -0.43 0.670 

At:Ch 0.761 0.643 1.18 0.240 

At:Fe -0.701 0.790 -0.89 0.370 

Ch:Fe 1.159 0.920 -1.26 0.210 

At:Ch:Fe 1.144 1.255 0.91 0.360 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted July 11, 2017. ; https://doi.org/10.1101/161901doi: bioRxiv preprint 

https://doi.org/10.1101/161901
http://creativecommons.org/licenses/by-nc-nd/4.0/


Extended Data Table 7. Parameters used for calculation of peak estimated environmental 

concentrations (EECs). 

GENEEC Parameter Atrazine Chlorpyrifos 

Trade name Aatrex Dursban 50W 

Crop Corn Turfgrass 

Rate (pounds of active ingredients/acre taken from 

specimen label) 2 8 

Number of applications 1 1 

Times between applications - - 

koc (use lowest) 100b 6070b 

Soil half-life (days) 300c 30.5c 

Wetted application? No No 

Application method Ground spraya Ground spraya 

Nozzle height (in.) 20-50: EFEDa 20-50: EFEDa 

Spray Quality fine: EFEDa fine: EFEDa 

No spray zone (feet) 0 0 

Depth of incorporation (0-6 inches) 0 0 

Solubility (mg/L) 33 2b 

Aquatic half-life (days) - use longest 742d - 

Hydrolysis half-life (days) - use longest - 78d 

Photolysis half-life (days) - usually the longest 

number 335d 28d 

Peak EEC (g/L) 102 64 

Actual concentration (g/L) 99 NAe 
a – Program default value  

b – http://extoxnet.orst.edu/ 
c – USDA  

d – Spectrum Laboratories  

e – Absorbances of diluted samples for chlorpyrifos were outside range of standard solutions in ELISA assay, so 

nominal concentrations were used for analyses 
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Extended Data Table 8. Results of generalized linear model on Bi. glabrata and Bu. 

truncatus densities in response to Hydrilla verticillata biomass and the presence or absence 

of crayfish predators. The number of snails in each mesocosm at the end of the experiment was 

modeled using a Poisson distribution with interaction terms between the biomass of Hydrilla in 

each tank at the end of the experiment, the presence or absence of predators, their interaction, 

and spatial block. 

Biomphalaria glabrata 

Term Coefficient Std. Error z-value P 

Intercept 4.098 0.045 90.90 <0.001 

Hydrilla biomass 0.007 <0.001 8.60 <0.001 

Crayfish presence -0.966 0.045 -21.59 <0.001 

Hydrilla*crayfish -0.083 0.015 -5.41 <0.001 

Block2 0.297 0.053 5.57 <0.001 

Block3 0.124 0.054 2.29 0.022 

Block4 1.244 0.047 26.63 <0.001 

Block5 -1.532 0.086 -17.71 <0.001 

     

Bulinus truncatus 

Term Coefficient Std. Error z-value P 

Intercept 4.614 0.034 134.80 <0.001 

Hydrilla biomass 0.014 <0.001 19.80 <0.001 

Crayfish presence -0.642 0.043 -15.08 <0.001 

Hydrilla*crayfish -0.442 0.051 -8.68 <0.001 

Block2 0.102 0.040 2.54 0.011 

Block3 -0.805 0.048 -16.83 <0.001 

Block4 -0.416 0.045 -9.26 <0.001 

Block5 -2.778 0.095 -29.16 <0.001 
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Extended Data Table 9. Model parameter symbology, definitions, values and sources used 

as reference literature for parameter values. 

Symbol Definition Value Source 

𝑓𝑁 
Per-capita daily fertility rate of snails including survival to 

detectability 
0.10 64 

𝜑𝑁 
Density-dependent snail population parameter, roughly the inverse 

of snail carrying capacity  

103 

(~50/m2) 
64 

𝜑𝑁,𝑞 
Scalar of the density dependent snail population parameter caused 

by fertilizer and/or atrazine stimulation of algal resources 

See Extended 

Data Table 10 
This study 

𝜇𝑁 Natural per-capita daily mortality rate of snails 0.017 64 

𝛽 
Infection probability from man to snail; interpreted as the per-

capita daily probability of snail infection given the number of 

mated female worms (M) 

1.63x10-5 
Fit to epi 

data 

𝜎 Per-capita daily conversion rate of exposed to infected snails 0.025 32 

n Exponent of prey density in Holling III functional response 2 61 

𝜇𝐼 Additional per-capita daily mortality of infected snails 0.083 32 

𝜆𝑙𝑜 

Infection probability from snail to man in low transmission 

season; interpreted as the per-capita daily probability an adult 

worm establishes within a human host given the number of 

shedding snails 

3.67x10-6 
Fit to epi 

data 

𝜆ℎ𝑖 
Infection probability from snail to man in high transmission 

season 
2.45x10-4 

Fit to epi 

data 

𝜇𝐻 
Per-capita daily mortality rate of adult worms caused by human 

mortality (assuming lifespan of 60 years) 
4.57x10-5 5 

H Total human population interacting with water contact site 300 5 

k 
Clumping parameter of the negative binomial distribution of 

worms within the human population 
0.08 

Estimated 

from epi 

data 

𝜇𝑊 
Natural per-capita daily mortality rate of adult worms (assuming 

lifespan of 3.3 years) 
8.3x10-4 65 

𝑓𝑃 
Per-capita daily fertility rate of predator population including 

survival to effective snail predation 
0.117 66 

𝜑𝑃 Predator carrying capacity  120 (~0.6/m2) This study  

𝜇𝑃 Natural per-capita daily predator mortality rate 
See Extended 

Data Table 10 
This study 

𝜇𝑃,𝑞 
Additional per-capita daily mortality rate caused by insecticide at 

concentration, q 

See Extended 

Data Table 10 
37 

𝛼 Per capita attack rate of predators on snails at low densities 0.003 23 

𝑇ℎ 
Predation saturation parameter; approximately the inverse of the 

daily maximum snails consumed per Procambarus clarkii 

predator 

0.067 67 
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Extended Data Table 10. Model parameter distributions included in the Monte Carlo 

simulation. 

Symbol Distribution 
Agrochemical 

Treatment 
Distribution parameters 

𝜑𝑁,𝑞 Normal 

Fertilizer 
Mean = 1.16 

St. dev = 0.52 

Atrazine 
Mean = 1.63 

St. dev = 0.46 

Atrazine & Fertilizer 
Mean = 1.50 

St. dev = 0.28 

𝜇𝑃 
Beta 

Chlorpyrifos absent 
α = 2.81 

β = 70.22 

𝜇𝑃,𝑞 Chlorpyrifos present 
α = 50.39 

β = 18.28 

𝛽 
Weighted by 

likelihood 

NA 95% CI = 1.63x10-6 – 3.11x10-5 

𝜆𝑙𝑜 NA 95% CI = 3.67x10-7 – 6.97x10-6 

𝜆ℎ𝑖 NA 95% CI = 9.51x10-4 – 4.66x10-4 
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